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ABSTRACT : 

The  investigation  problem  considered  here  is  one  in  which  there 
is  an  investigator  in  a  region  with  several  objects,  all  of  which  are 
attempting  to  cross  a  specific  boundary  of  the  region.   The  investigator 
is  to  investigate  as  many  of  the  objects  as  possible  before  they  cross 
the  boundary.   In  this  paper  it  is  assumed  that  all  objects  are  moving 
parallel  to  one  another  directly  toward  the  boundary.   The  investigator 
has  speed  greater  than  the  objects,  and  can  change  his  course  instanta- 
neously. 

Forty  sample  problems  with  20  objects  each  were  randomly  generated 
and  solved  optimally  using  branch  and  bound  methods  previously  developed 
by  the  authors.   In  the  first  twenty  problems,  all  targets  have  the  same 
speed.   In  the  second  set  of  twenty  problems,  the  target  speeds  differ. 
Solutions  for  the  same  problems  were  obtained  through  application  of 
three  easily  implemented  "rules  of  thumb".   The  effectiveness  of  each 
rule  of  thumb  is  determined  through  comparison  of  results  with  the 
optimal  solutions. 
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I   Introduction  and  Problem  Description 

The  authors  are  currently  engaged  in  research  in  the  area  of 
"Investigation  Theory"  which  deals  with  the  problem  of  determining 
the  optimal  sequence  in  which  an  investigator  should  visit  a  number 
of  moving  targets  in  order  to  visit  as  many  as  possible  before  they 
reach  some  prescribed  boundary.   Numerous  assumptions  are  possible 
about  the  motion  of  the  targets,  the  motion  of  the  investigator,  and 
the  nature  of  the  investigation.   We  assume  in  this  report  that  each 
of  the  targets  moves  in  a  plane  with  a  constant  speed  directly  toward 
some  prescribed  boundary.   The  single  investigator  moves  with  a  speed 
greater  than  that  of  any  target  and  is  free  to  change  his  course 
instantaneously.   Naturally,  he  always  moves  at  his  maximum  speed. 
To  investigate  a  target  only  requires  that  the  positions  of  the 
investigator  and  the  target  coincide.   No  time  is  required  for  the 
investigation  in  this  report,  although  that  case  can  easily  be  handled, 
The  only  times  involved  are  the  sequence  dependent  travel  times  be- 
tween targets  and  the  known  times  at  which  the  targets  reach  the 
boundary. 

This  report  does  not  describe  the  method  by  which  the  optimal 
sequence  is  computed.   That  description  can  be  found  in  [1].   The 
optimal  sequences  referred  to  here  may  not  be  unique. 


II   Rules  of  Thumb 

The  purpose  of  this  report  is  to  compare  several  "rules  of 
thumb"  which  might  actually  be  applied  in  a  real  investigation  problem. 
Such  rules  are  more  easily  implemented  than  the  optimal  solution 
technique,  and  it  is  desired  to  determine  their  effectiveness  in 
such  problems.   Three  rules  are  compared  to  the  optimal. 

1)  S.T.P.  -  Shortest  Time  Path.   This  rule  always 
directs  the  investigator  to  move  next  to  that 
target  which  is  closest  in  time  to  the  inves- 
tigator's current  position  providing  that  the 
investigator  can  reach  that  target  before  it 
reaches  the  boundary. 

2)  S.D.P.  -  Shortest  Distance  Path.   This  rule 
directs  the  investigator  to  move  next  to  the 
target  closest  in  distance  to  the  investigator's 
current  position  providing  that  the  target  can 
be  reached  before  it  crosses  the  boundary. 

3)  C.T.B.  -  Closest  To  Boundary.   Using  this  rule 
the  investigator  procedes  next  to  the  target 
closest  to  the  boundary  providing  it  can  be 
reached  before  it  crosses  the  boundary. 

The  sequences  generated  by  these  rules  are  compared  to  the 
optimal  sequences  by  considering  forty  problems  each  of  which  has 


twenty  objects  whose  initial  positions  are  generated  randomly  from 

a  uniform  distribution.   The  object  nearest  the  boundary  is  considered 

to  be  the  investigator.   The  other  19  are  the  targets. 

The  region  considered  is  10  units  wide  and  10  units  deep.   In 
the  first  set  of  problems,  in  section  III,  the  investigator  has  a 
speed  of  25  units  per  unit  time,  and  the  targets  have  a  speed  of 
15  units  per  unit  time.   In  the  second  set  of  problems,  section  IV, 
the  targets  have  speeds  drawn  from  a  uniform  distribution  between 
10  and  20  units  per  unit  time. 

A  square  region  was  used  because  this  appears  to  present  the 
most  difficult  problem  for  a  fixed  number  of  objects.   A  wide,  shallow 
region  will  allow  the  investigator  to  capture  only  those  few  targets 
relatively  near  his  position,  most  of  the  others  being  out  of  reach 
even  if  he  goes  toward  them  immediately.   A  narrow,  deep  region  will 
present  little  difficulty  since  the  investigator  will  normally  be 
able  to  capture  a  large  fraction  of  the  targets  with  any  reasonable 
sequence. 


Ill   Same  Target  Speeds 

a)   The  results  from  this  set  of  twenty  problems  are  sum- 
marized in  Table  3-0  which  shows  for  each  problem  the  number  of  targets 
captured  in  the  optimal  solution  and  with  each  of  the  three  rules. 
For  each  problem  the  ratio  of  the  number  of  targets  captured  using  the 
rule  to  the  number  captured  optimally  is  computed  and  these  ratios 
are  averaged. 
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PROBLEM 
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OPT  =  Optimal 

S.T.P.  =  Shortest  TIME  Path 
S.D.P.  -  Shortest  DISTANCE  Path 
C.T.B.  =  Closest  to  Border 


Table  3-0:   Summary  of  Results  for  20  Sample  Problems  with  All  Targets 
having  the  Same  Speed. 


It  can  be  seen  from  Table  3-0  that  for  these  20  problems 
the  best  of  the  three  rules  is  S.D.P.   The  S.T.P.  and  C.T.B.  rules 
appear  to  be  less  effective.   The  deficiency  of  the  S.T.P.  rule  is 
that  it  has  a  tendancy  to  move  the  investigator  outward  from  the 
boundary  toward  incoming  targets,  foregoing  nearby  targets  which  might 


later  be  impossible  to  capture  since  they  would  have  to  be  "run  down" 
from  behind.   The  C.T.B.  rule  suffers  from  the  deficiency  that  it 
causes  the  investigator  to  make  more  movements  parallel  to  the  boundary 
than  might  otherwise  be  required.   Time  is  thus  wasted  in  back  and 
forth  motion. 

Each  of  the  rules  is  nearsighted  and  looks  only  one  step  ahead, 
but  in  view  of  the  results  presented  here  it  would  appear  that  if 
computer  equipment  is  not  available  to  compute  optimal  solutions,  the 
S.D.P.  rule  should  be  applied.   It  is  easier  to  apply  than  the  S.T.P. 
rule  since  no  relative  motion  calculations  need  to  be  made. 

Closely  related  to  the  investigation  problem  being  considered 
is  the  1XN  job-shop  scheduling  problem  with  sequence  dependent  set-up 
times  in  which  the  criteria  used  is  minimization  of  the  number  of  late 
jobs.   This  criteria  renders  useless  all  standard  techniques  developed 
to  solve  the  job-shop  problem  through  formulation  as  a  traveling  salesman 
problem. 

When  viewed  in  job-shop  context,  the  C.T.B.  rule  represents  the 
rule  "process  next  the  job  nearest  its  due-date",  and  the  S.T.P.  rule 
the  "nearest  neighbor"  rule,  (or  process  next  that  job  with  the  shortest 
processing  time) .   The  results  contained  in  Table  3-0  indicate  that 
there  is  no  substantial  difference  between  these  two  rules.   The  S.D.P. 
rule  has  no  counterpart  in  the  job-shop  problem. 

b)   Data  for  Sample  Problems  -  Same  Speeds 

Tables  3-1  to  3-20  present  the  data  used  in  the  20  sample 
problems  in  which  all  targets  had  the  same  speed,  15  units  per  unit  time. 


The  investigator's  speed  is  25  units  per  unit  time.   This  data  is 
included  so  that  if  other  rules  are  later  proposed  they  can  readily 
be  compared  to  the  rules  presented  here. 

Figure  1  provides  a  pictorial  representation  of  the  first 
problem  just  for  illustration.   It  must  be  remembered  that  the 
targets  are  moving  and  the  actual  ground  track  of  the  investigator 
is  not  that  shown  in  the  figure. 
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X=       4, 
Y=       5. 

L  1 
.13 

.53 

12           13 
3.46    0.33 
5.32    6.08 

14 
5.31 
6.74 

15           16 
i.GO    2.95 
6.8  3    6.96 

17 
1.72 
7.09 

Id 
6.18 
7.71 

15 
7.63 
9.37 

20 
3.39 

9.6V 

SQLUTIUN 

OP  Y 
STP 
SOP 
CTB 

1 
1 
1 
1 

3       4       5 
3       4     11 
3       4       5 
2       4       7 

8  9 

9  8 
8       9 

13    15 

1116   17; 

16     17     15    J 
11     14     18     ] 
16    20 

L5    2  0 

L9 

PKUBLFM     1 


03JECT         1 
X=       1.91 
Y=       0.00 

2             3             4 
3.6J    J. 53    4.3  5 
0.03    0.11    0.63 

5            6 
9.49     7.51 
1.15     1.17 

7 

9.29 
1.  31 

6 
6  .  J  3 

2.59 

9 
9.46 
3. is 

10 
5.41 

3.42 

OBJECT       11 
X=       4.85 
Y=      3.52 

12          13          14 
3.3  7    6.99    4.12 
5.67    5 .37    6.73 

15           16 
9.44    Z.OZ 
7.42    8.17 

1  7 
4.84 
8.55 

13 
7.44 
9.0  5 

19 
7.50 

9.30 

2J 
7.24 

9.90 

SOLUTION 
OPT                1 
STP               1 
SOP               1 
CTB               1 

10  11     13    14    17 

11  1J    13     18    19 
11     10    13     15     13 

8    10     11     13    15 

19     18    20 

23 

19    20 

18    19    20 

10 


PROBLEM  13 


OBJECT 
X  = 
Y  = 


1 
6.5  1 

0.4  8 


0.3  J  EC  T   11 
X  =   5.51 
Y  =   5.51 


SOLUTION 
OPT 
STP 

sop 

CTB 


2 
J. 41 

0.64 

12 
5  •  46 
5.74 


3 
9.07 
2.67 

13 
0.54 
6.62 


4 
8 

4 

4 


4 
9.  73 
3.03 

14 
2.39 
6.62 


7 
11 

7 
7 


10 
12 
10 

1  0 


11 
15 
18 
11 


5 
5.  19 
3.  76 

15 

4.36 

7.06 


1.49 
H.03 

16 
0.  37 

8.38 


7 

9.62 
4.3t> 

17 

2.  66 
9.  J8 


12 
17 

12 


14 
19 


15 

20 


1  7 
16 


6 
4.13 
4.43 

10 
9.62 

:i  .  )  d 


19    2J 


9  10 

0.86  9.59 

4.74  4.9  9 

19  20 

1.64  0.93 

9.15  9.31 


5     17     19    2  J 


PROBLEM    14 


OBJECT    1 
X=   6.12 
Y=   0.64 

2     3     4 

6.25  B.16  6.46 
1.84  I .88  1 .92 

5     6     7 
0.64  1.55  4.00 
1.9  3  2.95  3.74 

a 

3.  1  d 
3.8  4 

7.  11 

4.36 

10 

0.  6  0 
4.54 

OBJECT   11 
X=   8.56 
Y=   4.72 

12    13    14 
6.55  9.23  0.38 
4.96  5.04  5.45 

15    16    17 
7.26  0.47  6.53 
5.5  5  6.6  9  6.74 

18 
4.38 
7.28 

19 
3.  1j 
7.31 

20 
9.31 

9.  39 

SOLUTION 
OPT      1 
STP      I 
SOP      i 
CTB      1 

2   4   9  12  15 
2   4   9  12  15 
2   4   3   9  12 
2   3   9  11  13 

11  13  17  20 
17  18  19  20 
15  17  18  19 
15  17  20 

PPOBLFM     15 


08  Jf CT 
X  = 

Y  = 

OBJECT 
X  = 

Y  = 


I 


11 
3.2o 
6,  J4 


2 


6 


0 


1 


9.41    9.53    3.12    0.77    7.77    9.45    9.36    o.34    2.  Of    6.42 
0.18    0.58    0.84     1.78    2.07    3.74    4.31    4.70    5.32    5.80 


12 
6.34 
6.46 


13 
2.72 
6.70 


14 

2.64 
6.67 


IS 

4.89 
7.2  J 


16 
9.  18 
7.61 


17 
5.57 
7.65 


18 
4.13 

8.2  7 


19 
b  .  3  3 

8.  I  5 


20 
i  0  .  4  6 
9.7^ 


SCLUTIQN 

OPT 
STP 
SOP 
CTB 


6 
6 

6 

6 


8 

8 

8 

10 


10 

12 
10 
12 


12 

10 
12 
15 


15 
17 
17 
17 


17 
15 

18 
18 


16 

18 
18 
2  J 


2  J 
20 
20 


PROBLEM    16 


C8JECT 
X  = 

Y  = 

OBJECT 
X  = 

Y  = 


4.91 
0.64 

11 
7.51 

6.20 


2 
4.28 
0.  91 

12 
4.73 
6.26 


3 
4.36 
0.93 

13 
7.42 
6.40 


4 
5.19 
1.39 

14 
5.30 
7.  18 


b 
4.58 
2.10 

Is 
7.42 
7.52 


2.96 

16 
7.46 

7.6  1 


7 
0.55 
5.21 

17 
0.70 

8.5  0 


d 

7.  74 
5.37 

16 
).67 

8.6  1 


9 

54 

75 


19 
7.35 

9.  04 


10 
9.  12 

6.05 

20 
2  ,.id, 


SOLUTION 
OPT 
STP 
SDP 
CTB 


2 
2 
2 

2 


4 

5 

4 
4 


5 
6 
5 
5 


6 

10 

6 

6 


o 

14 

8 

8 


13 
19 
11 

9 


11 

16 
13 

10 


10 
15 
15 
14 


14     15     16     19 


16 
16 


19 
19 


L  U 


11 


PR  URL  EM  17 


OBJECT 
X  = 
Y  = 


1 
3.92 
0.41 


OBJFCT   11 
X  =   6.4b 
Y=   2.5b 


2 
2.68 

0.55 

12 

4.09 
3. 86 


3 

J.  65 

0.70 

13 
5.72 
3.96 


4 
0.17 
1.47 

14 
4.11 

4.20 


74 

71 


i  j 
9.47 
4.9  5 


6 
7.20 
1.  7j 

lo 
0.99 
5.94 


7 
0.71 

2.14 

17 
1.47 
7.11 


0 
14 

16 


10 
7.39 
7  .  9  5 


9 

7  0 
21 


13 


10 
4.63 
2.5  3 

2  0 
4  .  9d 
9.9  3 


SOLUTION 
OPT 
STP 
SDP 
CTB 


10 
10 
10 

13 


12 
12 
12 
12 


13 
14 
13 
13 


14 
13 
14 
17 


16 
10 
16 

10 


17 
20 
17 
2J 


19    2  0 

19  2  0 


PROBLEM  10 


OBJECT    1     2     3     4     5     6     7     0     9    10 
X=   9.52  9.50  0.30  5.92  J.b4  3.05  5.3o  6.6,9  9.2j  7.30 
Y=   0.05  J. 67  J. 90  1.19  1.64  2.78  3.07  3.^0  4.03  4.12 


OBJECT 
X  = 
Y  = 


11 
4.74 

4.39 


12 
0.  J6 
5.17 


13 
1.73 

5.20 


14 
9. 07 
5.  71 


15 

4.32  2 
5.00  0 


1J 

7  v. 


17 

6.0  9 
0.  3  6 


10 
5  .  5  4 
8.5  b 


19 
0.95 
9.64 


9.85 
9.7  0 


iJLUTIGN 
OPT 
STP 
SDP 
CTB 


8 
9 
9 
7 


10 
14 
12 
10 


9 
12 
14 
12 


12 
17 
17 
14 


10 
10 
lb 
17 


j.  / 
Z'J 
16 
10 


2  0 
19 


PR0  3LEM  19 


OBJECT 
X  = 
Y  = 


6.23 

0.75 


OBJECT   11 
X=   8.71 
Y=   4.6J 


2 
7.  34 

0.90 

12 

9.67 
5.42 


3 

9.  U 
1  .01 

13 
I  .19 

5.62 


4 
7.52 

1.02 

14 

5.50 
5.63 


76 

3b 


15 

7.04 
6.62 


6 
7.  GO 
1.64 

16 
1.52 
7.61 


j  . 
1. 


7 

31 
7  0 


17 
2.63 

7./4 


40 
31 

3 

01 

10 


9 

It 
6  7 


19 
3.94 
9.31 


10 
3.03 

4.02 

2  0 
6.91 
9.60 


SCLUTIQN 
OPT 
STP 

SDP 
CTB 


9 
14 
10 

4 


10 

15 

9 

6 


13 
13 
13 

U 


16 

20 

16 
13 


17 
19 
17 
16 


19  23 


19 
1/ 


2  0 
19 


PROBLEM  20 

OBJECT    1  2  3  4     5     6     7  0     9    10 

X=   4.09  7.03  5.74  7.26  2.44  0.11  1.49  2.14  7.64  4.59 

Y=   0.50  0.56  0.63  0.73  2.48  2.80  3.96  4.10  4.25  4.32 


OOJFCT 

X=   B 
Y=   4 

11 

.12 
.49 

12    13    14 
1.31  9. J8  4.77 
5.52  6.46  6.67 

15    16    17    10 
2.94  0.C5  7.66  2.44 
6.97  7.19  7.32  0.07 

19 
2.47 

0.9b 

ZO 

3  .9U 
9.7  0 

SOLUTION 
OPT 
STP 

SDP 

CTB 

1 

1 
1 

1 

5   0   7  12  14 
5   0   7  12  15 
5   0   7  12  15 
5   6   7   8  12 

15  10  19  ZO 
10  19  20 
17  10  19  ZJ 
15  10  IV  2  0 

12 


IV  Different  Target  Speeds 

a)   The  results  from  this  set  of  20  problems  are  summarized 
in  Table  4-0. 


PROBLEM 

1 

2 

3 

4 
10 

5 
10 

6 

7 

8 

9 

10 

OPT 

13 

11 

12 

10 

10 

12 

13 

12 

S.T.P. 

10 

8 

8 

10 

10 

8 

10 

9 

11 

10 

S.D.P. 

9 

10 

12 

10 

10 

9 

10 

9 

11 

11 

C.T.B. 

11 

11 

5 

9 

9 

9 

9 

11 

11 

11 

AVERAGE  OF 
FFECTIVENESS  RATIOS 


PROBLEM 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 



1.00 

OPT 

12 

12 

10 

12 

11 

11 

10 

11 

11 

16 

S.T.P. 

10 

11 

5 

7 

9 

8 

7 

9 

9 

14 

.78 

S.D.P. 

11 

11 

8 

11 

9 

9 

9 

11 

10 

15 

.89 

C.T.B. 

11 

12 

7 

10 

10 

10 

10 

6 

11 

15 

.86 

OPT  =  Optimal 

S.T.P.  ■  Shortest  TIME  Path 
S.D.P.  =  Shortest  DISTANCE  Path 
C.T.B.  =  Closest  to  Border 


Table  4-0;   Summary  of  Results  for  20  Sample  Problems  with  Different 
Target  Speeds. 


The  results  from  these  20  problems  with  different  target  speeds 
tend  to  substantiate  the  results  given  previously,  namely,  that  the 
S.D.P.  rule  is  more  effective  than  the  S.T.P.  or  C.T.B.  rules. 
The  data  for  these  problems  is  presented  in  tables  4-1 
through  4-20. 


13 


TABLES   4-1   to   4-20 


14 


PROBLEM 


OBJECT         123456789         10 

X=      6.92    2.57  6.57    3.85    1.14    0.29  2.27  1.80    5.95    2.67 

Y=       0.57    0.85  0.95    1.16    1.60    3.32  3.65  5.10    5.21    6.09 

S=      25.0    12.1  11.5    10.2    18.7    19.8  11.0  14.7    12.2    16.7 

OBJECT   11    12    13    14    15    16  17  18    19    20 

X=   3.58  5.53  1.83  6.17  4.92  9.01  2.96  7.06  7.75  7.75 

Y=   7.17  7.26  7.35  7.54  7.78  7.95  8.42  9.34  9.74  9.98 

S=   12.7  13.3  11.3  15.8  19.4  12.7  11.6  16.0  14.3  14.7 


SOLUTION 
OPT 
STP 
SDP 
CTB 


1  3  7  8  10  15  9  14  12  18  16  19  2C 

1  3  9  14  12  18  19  20  16  17 

1  3  9  14  12  15  11  17  13 

1  3  7  8  10  9  14  12  11  13  17 


PROBLEM   2 

OBJECT         123456789         10 

X=      0.88    7.04  9.88    7.46    8.70    6.70  1.93  7.44    5.88    1.14 

Y=      0.59    0.69  0.85    0.93    1.30    1.60  2.05  2.07    3.52    3.80 

S=      25.0    13.8  15.3    14.0    10.2    19.5  13.5  12.6    17.7    14.6 

OBJECT   11    12  13    14    15    16    17  18    19    20 

X=   1.07  3.10  2.81  3.66  7.07  1.10  2.55  0.86  2.94  8.97 

Y=   4.13  5.66  5.78  6.84  7.02  7.20  7.76  8.47  9.04  9.88 

S=   13.7  16.1  19.3  12.1  19.5  19.7  16.9  10.4  16.1  18.5 


SOLUTION 
OPT 
STP 
SDP 
CTB 


1  7  10  11  12  13  16  17  14  19  18 

1  7  10  11  16  17  19  18 

1  7  10  11  13  12  17  14  19  18 

1  7  10  11  13  12  16  17  14  19  18 


PROBLEM 

OBJECT 
X  = 
Y= 
S  = 


123456789         10 
3.92    2.68    0.65    0.17    8.74    7.28    8.71    6.14    3.70    4.63 
0.41    0.55    0.78    1.47    1.71    1.73    2.14    2.16    2.21    2.53 
25.0    12.5    17.8    10.9    11.3    17.8    10.0    13.1    17.6    15.5 


OBJECT       11         12         13         14         15         16         17         18  19  20 

X=      6.46  4.89    5.72    4.11  9.47  0.99    1.47    7.39  1.24  4.98 

Y=      2.58  3.86   3.96    4.28  4.95  5.94    7.11    7.95  9.13  9.93 

S=      18.5  19.0    10.4    12.4  15.8  11.4    12.6    10.4  19.6  13.3 


LUTION 

OPT 

1 

9 

STP 

1 

9 

SDP 

1 

9 

CTB 

1 

7 

10  12    13    14    16    19    17    20    18 

10  12    14    13    18    20 

10  12    13    14    16    19    17    20    18 

15  17    20 
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PROBLEM      4 

CBJECT         123456789         10 

X=      9.52    9.50    8.30    5.92  3.64    3.05    5.38   6.69    9.26    7.30 

Y=      0.05    0.67    0.98    1.19  1.64    2.78    3.07    3.40    4.03    4.12 

S=      25.0    12.7    17.2    19.2  12.6    15.4    19.0    10.0    19.0    13.0 

OBJECT   11    12    13    14    15    16    17    18    19    20 

X=   4.74  8.06  1.73  9.07  4.32  2.10  6.89  5.54  0.95  9.85 

Y=   4.39  5.17  5.20  5.71  5.88  8.28  8.36  8.56  9.64  9.78 

S=   19.8  12.0  13.6  13.0  12.1  10.7  17.1  19.1  10.1  11.1 

SOLUTION 

OPT      1   3   9  10   8  17  18  15  16  19 

STP      1   2   9  14  12  17  18  15  16  19 

SDP      1   2   9  10   8  12  14  17  20  19 

CTB      1   2   8  10  12  14  15  16  19 


PROBLEM   5 

OBJECT         123456789         10 

X=      6.23  7.34    9.11    7.52    4.76    7.88    5.81    1.40    2.14    3.03 

Y=       0.75  0.98    1.01    1.02    1.38    1.64    1.78    2.31    3.67   4.02 

S=      25.0  13.2    10.4    12.9    12.2    11.6    18.8    18.6    13.6    18.7 

OBJECT       11         12         13         14         15         16         17         18         19         20 

X=      8.71  9.67    1.19    5.50    7.84    1.52    2.63    9.81    3.94    6.91 

Y=      4.60  5.42    5.62    5.63    6.62    7.61    7.74    8.18    9.31    9.68 

S=      14.7  16.5    16.3    18.1    12.2    17.2    15.3    16.1    12.6    13.6 

SOLUTION 

OPT  1  4  2  6  12  11  15  18  20  19 
STP  1  7  5  10  9  13  16  17  19  20 
SDP  1  7  5  10  9  13  16  17  19  20 
CTB      1   2   4   6  11  14  15  20  19 


PROBLEM   6 

OBJECT         123456789         10 

X=      0.10    9.25    8.55    1.31  4.68    8.67    2.17    5.02    6.08    1.24 

Y=      0.08    0.22    2.96    3.33  3.70    3.87    4.11    4.63    5.21    5.65 

S=      25.0    15.3    11.6    12.4  15.6    10.2    15.1    15.2    14.2    16.7 

OBJECT   11    12    13    14    15    16    17    18    19    20 

X=   9.58  6.76  3.40  4.74  4.04  7.64  2.47  7.39  9.26  7.12 

Y=   5.70  6.06  6.07  6.48  6.80  6.85  7.15  7.61  8.87  9.20 

12.9  18.2  15.1  14.7  12.1  14.4  15.7  19.2  11.0  19.8 

8  12   9  18  16  20  15  19 

10  17  15  14  19 

10  17  13  14  15  19 

8  12   9  14  15  19 


SOLUTION 

OPT 

1 

5 

8 

STP 

1 

4 

7 

SDP 

1 

4 

7 

CTB 

1 

4 

7 

16 


PROBLEM 


OBJECT  1 

X=  4.09 

Y=  0.50 

S=  25.0 

OBJECT  11 

X=  8.12 

Y=  4.49 

S=  10.9 


SCLUTION 
OPT 
STP 
SOP 
CTB 


23456789  10 

7.03  5.74  7.26  2.44  3.11  1.49  2.14  7.64  4.59 

0.56  0.63  0.73  2.48  2.88  3.96  4.18  4.25  4.32 

14.0  12.2  18.2  17.8  13.0  19.8  15. C  15.3  19.6 

12    13    14  15    16    17    18    19  20 

1.31  9.08  4.77  2.94  8.05  7.66  2.44  2.47  3.90 

5.52  6.46  6.67  6.97  7.19  7.32  8.87  8.96  9.70 

16.9  14.1  19.6  15.9  10.4  18.6  19.4  16.9  12.5 


5  7  6   8  12  15  18  19  20 

5  7  8  12  15  18  19  20  16 

5  7  8  12  15  18  19  20  16 

5  6  8  12  15  18  19  16 


PROBLEM   8 

OBJECT         123456789  10 

X=      6.04    4.76    8.05    3.24    9.50    4.67    3.17    2.58  9.51  1.77 

Y=      0.33    0.76    4.18    4.82    5.26    5.64    5.72    5.89  5.92  5.96 

S=      25.0    17.9    17.0    13.8    11.1    17.0    15.2    19.7  14.6  10.3 

OBJECT   11    12    13    14    15    16    17    18  19  20 

X=   0.81  4.55  9.43  8.85  3.58  8.69  2.23  2.57  5.98  5.98 

Y=   5.99  7.08  7.18  7.40  8.57  9.03  9.03  9.10  9.61  9.61 

S=   17.0  14.3  19.7  13.3  18.0  12.9  15.3  17.7  13.7  10.3 


SCLUTION 
OPT 
STP 
SDP 
CTB 


1  6  4  8  7  12  15  18  10  17  19  20 

1  3  5  9  13  14  16  20  19 

1  3  5  9  13  14  16  19  20 

1  3  4  7  12  15  18  10  17  19  20 


PROBLEM 

OBJECT 
X  = 
Y  = 
S  = 


8 


10 


8.08  1.79  8.75  8.86  1.17  7.12  6.91  6.63  9.43  3.39 
0.05  0.56  0.88  1.19  1.21  2.38  3.74  4.27  4.68  5.75 
25.0  10.9  12.4  10.7  18.4  13.8  14.8  14.1  17.3  15.7 


OBJECT   11    12    13    14  15    16    17    18    19  20 

X=   2.79  1.68  3.35  5.59  7.80  9.08  6.28  7.41  0.84  5.42 

Y=   5.89  6.33  6.07  6.64  7.02  7.57  8.78  8.82  8.89  9.10 

S=   19.2  10.7  15.7  16.5  10.4  14.8  10.0  13.8  19.1  15.0 


LUTION 

OPT 

1 

3 

4 

6 

7 

8 

10 

13 

12 

20 

18 

15 

STP 

1 

3 

4 

6 

7 

8 

14 

20 

17 

18 

15 

SDP 

1 

3 

4 

6 

7 

8 

14 

13 

12 

20 

17 

CTB 

1 

3 

4 

6 

7 

9 

16 

15 

20 

18 

17 

17 


17 


PROBLEM    10 


OBJECT         123456789         10 

X=       8.84  4.97  1.59    8.2C    0.99    0.31  9.42    8.62    8.52    8.74 

Y=      0.35  0.40  0.62    1.02    1.80    1.91  2.03    3.17    3.51    3.72 

S=      25.0  19.6  15.5    19.6    14.6    18.7  15.6    15.8    19.0    10.8 

OBJECT   11  12  13    14    15    16  17    18    19    20 

X=   1.06  4.38  0.21  1.44  9.89  3.96  2.21  1.93  5.08  1.96 

Y=   4.83  5.96  6.81  7.09  7.32  7.75  7.85  8.15  9.76  9.94 

S=   14.1  11.2  15.7  14.5  19.6  10.6  16.2  18.1  12.2  10.0 


SOLUTION 
OPT 
STP 
SDP 
CTB 


1  4  8  9  10  12  18  17  14  16  19  20 

1  4  7  8  9  10  15  19  16  20 

1  4  7  8  9  10  15  12  16  19  20 

1  4  7  8  9  10  12  14  16  19  20 


PROBLEM  11 

OBJECT         123456789         10 

X=      2.03    6.89    5.83    1.86    8.37    6.69    1.69    2.02  4.11    3.53 

Y=      0.71    1.14    1.59    1.92    2.25    3.16    3.33    3.40  3.74    5.41 

S=      25.0    16.4    16.0    12.3    15.4    14.6    10.2    13.1  10.3    17.3 

OBJECT   11    12    13    14    15    16    17    18  19    20 

X=   0.04  1.84  7.99  3.26  6.59  1.86  9.97  1.47  5.93  6.11 

Y=   5.89  6.56  6.84  6.86  7.34  9.08  9.34  9.39  9.59  9.79 

S=   19.1  13.5  12.4  18.1  16.7  14.3  11.9  13.3  10.2  17.7 


SOLUTION 
OPT 
STP 
SDP 
CTB 


1  4  7  8   9  10  14  12  16  18  19  17 

1  4  8  7  11  12  16  18  19  17 

1  4  8  7  10   9  14  12  16  18  19 

1  4  8  7   9  10  14  12  20  18  19 


PROBLEM  12 

OBJECT         123456789  10 

X=      7.28    1.86    7.18  1.51  3.23    7.84    4.51    9.27  4.69  6.20 

Y=       1.18    1.36   1.59  1.87  1.97    2.25    2.53    2.63  3.54  3.67 

S=      25.0    14.9    17.3  17.6  14.3    17.0    12.9    11.9  18.1  12.8 

OBJECT   11    12    13    14    15    16    17    18  19  20 

X=   7.63  0.12  6.61  0.50  4.76  0.49  7.46  3.83  1.23  5.41 

Y=   4.16  4.13  4.94  4.98  6.43  7.37  7.37  7.47  8.07  8.34 

S=   15.6  18.1  17.5  13.3  15.5  10.9  16.7  16.4  10.1  17.3 


LUTION 

OPT 

1 

3 

6 

STP 

1 

3 

6 

SDP 

1 

3 

6 

CTB 

1 

3 

6 

9   7  10  13  15  18  20  16  19 

11  13  10  15  18  20  19  16 

8  11  13  10  15  18  20  19 

7   9  10  13  15  18  20  16  19 
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PROBLEM    13 


OBJECT  123456789  10 

X=  1.11  6.57   7.00    2.85  8.86  0.19    6.13    7.65    6.68  2.74 

Y=  0.75  1.40    1.47    2.04  2.25  2.83    3.18    3.45    4.15  4.54 

S=  25.0  14.9    13.3    17.9  14.7  12.7    16.9    10.1    17.6  12.9 

OBJECT  11  12    13    14    15  16    17    18    19  20 

X=  5.58  9.62  4.39  9.28  0.11  7.49  7.81  7.40  7.48  1.16 

Y=  4.76  4.82  5.16  5.58  6.32  6.43  6.65  8.46  9.34  9.98 

S=  16.9  17.3  18.3  19.8  12.6  17.3  12.2  15.5  10.7  10.3 


SOLUTION 
OPT 
STP 
SDP 
CTB 


1  4  13  11  8  16  17  18  19  20 

1  6  15  20  19 

1  4  10  13  17  18  19  20 

1  4   6  10  15  19  20 


PROBLEM  14 

OBJECT         123456789  10 

X=       5.90    3.96  6.60    5.51    3.52  1.40  1.48    2.97    3.56    7.44 

Y=      0.79    2.33  2.46    2.92    3.33  4.06  4.66   4.77    5.29    5.31 

S=       25.0    19.0  17.2    18.8    16.6  14.3  10.9    12.0    12.7    13.9 

OBJECT   11    12  13    14    15  16  17    18    19    20 

X=   4.18  8.46  0.83  5.31  1.00  2.95  1.72  6.18  7.63  0.09 

Y=   5.53  5.82  6.08  6.74  6.88  6.96  7.09  7.71  9.37  9.89 

S=   15.6  12.8  10.6  19.8  18.9  15.9  10.0  15.1  14.7  18.1 


SOLUTION 
OPT 
STP 
SDP 
CTB 


1  2  5  11   9   8  15  7  16  13  20  17 

1  3  4  14  18  19  17 

1  3  4   5   8   9  11  16  13  20  17 

1  2  4   8  11   9  16  13  20  17 


PROBLEM  15 

OBJECT         123456789         10 

X=      7.73    4.53  4.43    4.65    3.35  6.86  4.26    3.49    9.93    6.05 

Y=       0.65    0.75  1.54    2.39    2.66  2.73  2.92    4.13    4.16    4.51 

S=       25.0    10.5  11.5    14.3    13.3  12.2  10.9    11.4    15.9    14.1 

OBJECT   11    12    13    14    15  16  17    18    19    20 

X=   1.54  5.95  3.46  5.97  6.64  1.65  5.94  2.05  7.93  2.00 

Y=   4.83  4.90  5.83  6.72  6.86  6.93  7.20  9.14  9.52  9.87 

S=   10.5  14.0  19.6  11.2  18.3  19.1  12.0  12.6  18.5  18.6 


SOLUTION 

OPT 

1 

4 

STP 

1 

6 

SDP 

1 

6 

CTB 

1 

4 

5  13  8  16  11  20  17  14  18 

10  12  15  14  17  19  18 

10  12  15  14  17  19  18 

5  7  10  12  15  14  19  17 
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PROBLEM    16 

OBJECT         123456789         10 

X=      6.51  0.41  9.07    9.73    5.19  1.49  9.62    4.13    0.88    9.59 

Y=      0.48  0.84  2.67    3.03    3.78  4.03  4.36    4.43    4.74   4.99 

S=      25.0  14.8  13.0    11.5    17.0  19.8  16.5    19.9    14.0    13.5 

OBJECT   11    12  13    14    15  16  17    18    19    20 

X=   5.51  5.48  0.54  2.89  4.36  0.37  2.66  9.62  1.64  0.98 

Y=   5.51  5.74  6.62  6.62  7.08  8.38  9.08  9.08  9.15  9.31 

S=   16.1  16.0  19.1  13.4  12.5  10.2  11.6  12.4  17.1  11.6 


SOLUTION 
OPT 
STP 
SDP 
CTB 


1  5   8   9  13  19  14  15  17  20  16 

1  5  11  12  15  17  20  16 

1  3   4   7  10  18  17  20  16 

1  3   4   7  10  14  19  17  16  20 


PROBLEM  17 

OBJECT         123456789         10 

X=       1.91    3.60    0.58  4.35  9.49    7.51    9.29    6.08  9.48  5.41 

Y=      0.00    0.08    0.11  0.63  1.15    1.17    1.31    2.59  3.19  3.42 

S=      25.0    10.4    19.0  10.6  13.8    17.5    15.9    11.9  11.7  12.7 

OBJECT   11    12    13    14    15    16    17    18  19    20 

X=   4.85  8.87  6.99  4.12  9.44  2.02  4.84  7.44  7.50  7.24 

Y=   3.52  5.67  6.37  6.73  7.42  8.17  8.55  9.05  9.30  9.90 

S=   12.7  16.0  17.0  17.7  19.3  11.8  14.6  18.6  10.1  10.7 


SOLUTION 
OPT 
STP 
SDP 
CTB 


1  11  10  13  15  18  17  16  19  20 

1  11  10  14  17  19  20 

1  11  10  13  18  17  16  19  20 

1  8  10  11  13  18  17  16  19  20 


PROBLEM  18 

OBJECT         123456789         10 

X=      6.12  6.25  8.16    6.46    0.64    1.55    4.00  3.18    7.11    0.80 

Y=       0.64  1.84  1.88    1.92    1.93    2.95    3.74  3.84    4.36    4.54 

S=      25.0  10.0  11.7    10.4    10.5    13.4    19.1  11.8    14.1    11.1 

OBJECT   11  12    13    14    15    16    17  18    19    20 

X=   8.56  6.55  9.23  0.38  7.28  0.47  6.53  4.38  3.10  9.31 

Y=   4.72  4.96  5.04  5.45  5.55  6.69  6.74  7.28  7.31  9.39 

S=   18.6  14.9  16.4  14.6  14.0  15.3  12.4  10.4  15.3  16.9 


SOLUTION 
OPT 
STP 
SDP 
CTB 


4 
4 
4 
3 


11  13   9  12  15  17  18 


3 

9  12  15  17  18  19 

3  11  13 

8  16  18 


9  12  15  17  18 
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PROBLEM    19 

OBJECT         123456789  10 

X=       6.09  9.41  9.53    3.12    0.77  7.77    9.45    9.38  8.34  2.07 

Y=      0.03  0.18  0.58    0.84    1.78  2.07    3.74    4.31  4.70  5.32 

S=      25.0  12.2  11.9    11.6    17.8  10.3    19.3    17.8  12.3  11.5 

OBJECT       11         12  13          14          15  16         17         18  19         20 

X=       6.42  3.26  6.84    2.72    2.84  4.89    9.18    5.57  4.13  8.33 

Y=       5.80  6.04  6.46    6.70    6.87  7.23    7.61    7.65  8.27  8.73 

S=       15.8  15.7  14.8    16.1     13.6  11.8    18.8    10. <3  11.2  18.5 


SCLUTION 
OPT 
STP 
SDP 
CTB 


1  6  7  8  9  11  13  20  18  16  19 

1  6  8  9  17  20  18  19  16 

1  6  7  8  9  17  20  18  16  19 

1  6  7  8  9  11  13  20  16  18  19 


PROBLEM  20 

OBJECT         123456789         10 

X=      4.91    4.28    4.38  5.19    4.58    4.83  0.55  7.74  8.54    6.12 

Y=       0.64    0.91    0.93  1.39    2.10    2.98  5.21  5.37  5.75    6.05 

S=       25.0    16.0    10.9  10.2    13.7    14.4  15.0  11.2  12.3    17.5 

OBJECT   11    12    13  14    15    16  17  18  19    20 

X=   7.51  4.73  7.42  5.30  7.42  7.48  0.70  0.87  7.35  2.38 

Y=   6.20  6.26  6.40  7.18  7.52  7.81  8.50  8.81  9.04  9.95 

S=   14.2  17.3  14.1  19.9  12.7  16.8  18.0  16.5  12.9  16.4 


SOLUTION 
OPT 
STP 
SDP 
CTB 


1  2  3  5  4  6  12  14  10  11  13  16 

1  3  2  5  4  6  10  14  12  13  16 

1  3  2  4  5  6  10  14  12  13  11  16 

1  2  3  4  5  6  10  12  14  11  13  9 


8   9 
8  15  19 

8  15  19 
8  15  19 


15  19 


21 


References 


1.   Balut,  S.  ,  and  Howard,  G.  ,  "N  Job,  One  Machine  Scheduling 
to  Minimize  the  Number  of  Late  Jobs  When  Set-Up  Times 
are  Sequence  Dependent,"  Naval  Postgraduate  School 
Technical  Report,  NPS  55  HK  72021  A,  February  1972. 


22 


INITIAL  DISTRIBUTION  LIST 

No.  of  Copies 

Advanced  Research  Projects  Agency  \ 

Department  of  Defense 
Washington,  D.C.  20301 
(Technical  Library) 

National  Security  Agency  1 

Ft.  Meade 
Maryland  20755 

National  Military  Command  System  1 

Support  Center 
Defense  Communications  Agency 
Washington,  D.C.  20301 

Defense  Documentation  Center  12 

Cameron  Station 
Alexandria,  Virginia  22314 

Chief  of  Naval  Operations 

Department  of  the  Navy 

Washington,  D.C. 

(Op-96)  1 

(Op-94)  1 

(0p-91)  1 

Office  of  Naval  Research 

Arlington,  Virginia  22217 

(Code  462)  2 

(Code  435)  1 

(Code  432)  1 

U.S.  Marine  Corps  Headquarters  (Code  AX)  1 

Washington,  D.C.  20380 

Commander  2 

Submarine  Development  Group  TWO 

Naval  Submarine  Base  New  London 

Box  70 

Groton,  Connecticut   06340 

Office  of  Naval  Research  Branch  Office  1 

1030  East  Green  Street 
Pasadena,  California  91101 


23 


Naval  Academy  1 

Annapolis,  Maryland  21402 
(Technical  Library) 

Naval  War  College  1 

Newport,  Rhode  Island  02840 

Naval  Research  Laboratory 

Washington,  D.C.  20390 

(Technical  Information  Division)  6 

(Code  2629)  2 

Naval  Ordnance  Laboratory 

Silver  Spring,  Maryland  20910 

(Code  120)  1 

(Library)  1 

Naval  Weapons  Laboratory 

Dahlgren,  Virginia  22448 

(Code  KCU)  1 

(Code  KWP)  1 

Naval  Air  Development  Center  (SAED)  1 

Warminster,  Pennsylvania  18974 

Naval  Ship  Research  and  Development  Center  1 

Washington,  D.C.  20034 

Navy  Underwater  Systems  Center  1 

Newport  Laboratory 
Newport,  Rhode  Island  02840 

Naval  Undersea  Research  and  Development  Center  1 

San  Diego,  California  92152 

Naval  Undersea  Research  and  Development  Center  1 

Pasadena  Laboratory 

3202  East  Foothill  Boulevard 

Pasadena,  California  91107 

Naval  Weapons  Center 

China  Lake,  California  93555 

(Library)  1 

(Code  12)  1 

Center  for  Naval  Analyses  1 

1401  Wilson  Boulevard 
Arlington,  Virginia  22209 

(Library) 

(Surface  Section  (Seacad  Div.  of  OEG))  1 


24 


HRB-Singer  Company  1 

P.O.  Box  60 

State  College,  Pennsylvania  16801 
(Mr.  D.  Smith) 

Institute  of  Defense  Analyses  1 

400  Army  Navy  Drive 
Arlington,  Virginia  22202 

The  Ohio  State  University  1 

1775  South  College  Road 
308  Hagerty  Hall 
Columbus,  Ohio  43210 
(Dr.  D.  Howland) 

Operations  Research  Incorporated  1 

1400  Spring  Street 

Silver  Spring,  Maryland  20910 

Stanford  University  1 

Department  of  Engineering-Economic  Systems 
Stanford,  California  94305 

Daniel  H.  Wagner  Associates,  Inc.  1 

Station  Square  One 
Paoli,  Pennsylvania  19301 

University  of  Wisconsin  1 

Army  Mathematics  Research  Center 
Madison,  Wisconsin  53706 

Professor  G.  T.  Howard  10 

Department  of  Operations  Research 

and  Administrative  Sciences 
Naval  Postgraduate  School 
Monterey,  California   93940 

Library    (Code  0212) 
Naval  Postgraduate  School 
Monterey,  California  93940 

Dean  of  Research  Administration 
Code  023 

Naval  Postgraduate  School 
Monterey,  California  93940 

Stephen  J.    Balut ,   LCDR,   USN  10 

Department   of  Operations   Research 

and  Administrative  Sciences 
Naval  Postgraduate  School 
Monterey,   California        93940 


25 


Security  Cl-sMficMlon 


DOCUM_ilT  COMTKOL  DATA  -R&D 


(Saeurlty  clmttlltcatlon  ot  tilt*,   body  of  abitract  and  Indixlrq  annotation  rvj4t  ba  antcrad  whan  tha  ovaroll  taporl  la  rlaaalllod) 


i.   ORIGINATING   ACTIVITY  (Corporata  author) 

Naval  Postgraduate  School 
Monterey,  California   93940 


H 


2».k_port  security  cl  assific  a  tio» 
Unclassified 


26.    OROU' 


I      WPOPIT     TITCI 


Comparison  of  Three  Rules  of  Thumb  to  the  Optimal  Solution  in  Investigation 
Theory  -  with  Sample  Problems 


4.  DESCRIPTIVE  NOTE*  (Typa  ol  roport  and,lnclualva  data  a) 

Technical  Report 


S     au  TMOniSl  (rift  rum*,  ffl/i—J»  lnltl.il,   Uat  narr-.a) 

Stephen  J.  Balut 
Gilbert  T.  Howard 


•■    REPORT   DATE 

January   1973 


7a.    TOTAL   NO.    OF   PAGES 


30 


7b.  no.  or  Ren 

1 


•a.    CONTRACT   OR   CHANT  NO. 


b.    PROJECT  NO. 


B-.   ORIOINATOR't   REPORT  NUMBER)*) 


NPS55HK73011A 


Si.  OTHtS   » SPORT  NO(B)  (Any  othar  nunbara   _t_f  ru/  ba  amtt^nod 
tnl*  report) 


10.   DISTRIBUTION   ITATLMINT 

Approved  for  public  release;  distribution  unlimited. 


It.    SUPPLEMENTARY    NOTES 


12.    SPONSORING    MILITARY    ACTIVITY 


IS.    AbSTHACT 

The  investigation  problem  considered  here  is  one  in  which  there 
is  an  investigator  in  a  region  with  several  objects,  all  of  which  are  attempting 
to  cross  a  specific  boundary  of  the  region.   The  investigator  is  to  investigate 
as  many  of  the  objects  as  possible  before  they  cross  the  boundary.   In  this  paper 
it  is  assumed  that  all  objects  are  moving  parallel  to  one  another  directly  toward 
the  boundary.   The  investigator  has  speed  greater  than  the  objects,  and  can  change 
his  course  instantaneously. 

Forty  sample  problems  with  20  objects  each  were  randomly  generated  and 
solved  optimally  using  branch  and  bound  methods  previously  developed  by  the  authors. 
In  the  first  twenty  problems,  all  targets  have  the  same  speed.   In  the  second  set 
of  twenty  problems,  the  target  speeds  differ.   Solutions  for  the  same  problems 
were  obtained  through  application  of  three  easily  implemented  rules  of  thumb  . 
effectiveness  of  each  rule  of  thumb  is  determined  through  comparison  of  results  with 
the  optimal  solutions. 


P-..-1 
\   >_V 

S/H  010! -207-9911 


r.rprxvrr-mr!pCarsr\^j-;^,"^^W'7^r^r^^*^n^  "•'•'  '  i_s_— __—-__—■»— ■»—■  MB— BBC 

..1473    «I>ACS  " 


--IIOI 


Sr.'imt\   OlH*<iftc»tion 


K  C  V     WO  HOI 


Sequencing 

Job  Shop  Scheduling 

Investigation 


MOLE 


KOLE 


DD  ,'°?..1473   back. 


S/N     0101 -807-6i21 


Security  Clatslfication 


»- 31 409 


U15i348 


DUDLEY  KNOX  LIBRARY  -  RESEARCH  REPORTS 


5  6853  0 


058177  0 


